ABSTRACT Oviposition and diapause behavior were compared among populations of Colorado potato beetle, Leptinotarsa decemlineata (Say), from six locations in 1994 and 1995. Locations ranged from Winnipeg, Manitoba (49Њ 49Ј N), to Rosemount in east central Minnesota (44Њ 44Ј N). Newly emerged Þrst summer generation adults were held in Þeld cages at each location for 7Ð14 d, then observed for 7 d in the laboratory for frequency of oviposition and frequency of burrowing behavior associated with diapause. Females from the Red River Valley seldom oviposited and although frequency of burrowing varied among locations it was independent of Þeld and laboratory conditions. Under long-day laboratory conditions, 9 Ð15% of females from east central Minnesota oviposited with frequency dependent on photoperiod experienced in the Þeld, the critical photoperiod was 15.8 h. Under long-day laboratory conditions, 18 Ð52% of beetles from east central Minnesota burrowed with frequency dependent on cumulative temperatures experienced in the Þeld. Cool conditions were associated with higher frequencies of burrowing. Beetles from Rosemount exhibited identical responses under short-day and long-day laboratory conditions. In contrast, under short-day conditions, beetles from Big Lake did not oviposit and frequency of burrowing was not dependent on Þeld conditions. We concluded that there is local geographic variation in Colorado potato beetle populations not only between the Red River Valley and east central Minnesota, but also among the different locations within these two areas.
Colorado potato beetle, Leptinotarsa decemlineata (Say), is a native North American species. It rapidly expanded its geographical range after its adoption of the cultivated potato, Solanum tuberosum L., some 140 yr ago (Casagrande 1985) . This insect has tremendous reproductive capability and no effective natural enemies; consequently, insecticidal control is virtually a necessity for potato production wherever the beetle occurs Parry 1987, Radcliffe et al. 1991) . Successful management of Colorado potato beetle requires a detailed knowledge of its biology and many aspects of the beetleÕs life history have received intensive investigation (Hsiao 1981, Hare and Kennedy 1986) . Studies of the physiological basis of seasonal reproduction (de Wilde and Hsiao 1981, Tauber et al. 1988a ) and on the relationship between this insect and its host plants (Hsiao 1981, Hare and Kennedy 1986) suggest considerable genotypic and phenotypic ßex-ibility.
The number of generations per year in Colorado potato beetle is related to latitude and length of growing season (Hurst 1975) . Daylength at the time of adult emergence from the soil has a decisive inßuence on reproductive behavior (de Wilde et al. 1959, de Wilde and Hsiao 1981) , although late instars are also sensitive to daylength to some extent (de Wilde 1969, de Kort and Khan 1984) . Colorado potato beetle is a "long-day" insect and enters diapause after exposure to a critically short photoperiod. When newly emerged adults are exposed to diapause-inducing conditions, juvenile hormone concentrations immediately begin to drop below those of nondiapausing beetles, and a prediapause period begins (de Wilde 1969) . Intensive feeding and absence of oviposition characterize the prediapause period. At the end of this period, beetles become positively geotactic and when provided with suitable soil burrow into it (de Wilde 1969) . In the laboratory, the prediapause period lasts 8 Ð10 d at 25ЊC (de Wilde et al. 1959) ; in the Þeld, diapausing beetles burrow Ϸ2 wk after emergence (de Wilde 1969 , Voss et al. 1988 . Thus, oviposition is a clear indication that females are not in reproductive diapause, although females may enter diapause after oviposition. Burrowing is an indicator that adults are entering reproductive diapause.
Many authors have documented the important role of photoperiod in diapause induction (de Kort et al. 1980 , de Kort 1981 , de Wilde and Hsiao 1981 , Briers et al. 1982 , Goryshin et al. 1987 . However, diapause responses vary within and among Colorado potato beetle populations. When exposed to short days, beetles invariably diapause, but exposure to long days never prevents diapause in all beetles in a population (de Wilde 1969) . In addition to photoperiod, food quality and temperature also inßuence diapause induction in the Colorado potato beetle. Low temperatures, senescing leaves, or absence of foliage at the end of the growing season, can result in diapause induction at relatively long photoperiods (de Wilde et al. 1959 , Tauber et al. 1988b , Hare 1990 ). Diapause induction is also affected by host plant species: Hare (1983) reported that during June and July in Connecticut, beetles reared on S. tuberosum did not enter diapause, whereas a substantial portion of those reared on S. dulcamara L. diapaused without reproducing. Hare concluded that this difference was caused by foliar chemistry. Geographical variation in diapause response has also been documented. The critical photoperiod that induces diapause tends to be longer for populations from cool or northerly regions than for populations from warm or more southerly regions (de Wilde and Hsiao 1981 , Goryshin et al. 1987 , Tauber et al. 1988b . A Texas population is insensitive to photoperiod (Hsiao 1981) .
In this research, we examined diapause responses in newly emerged summer populations of Colorado potato beetle collected from four locations in the valley of the Red River of the North (hereafter termed the Red River Valley) and two locations in east central Minnesota. These locations are distributed over a range of Ϸ5Њ latitude. In the Red River Valley, the beetle usually has one generation per year and sometimes there is a partial second, whereas in east central Minnesota, the beetles have two and rarely a partial third generation. For the Þrst summer generation in each location, we determined the proportion of females that oviposited and the proportion of adults that exhibited prediapause digging behavior.
Materials and Methods
Colorado potato beetles were collected from locations along a 5Њ northÐsouth latitudinal gradient during the summers of 1994 and 1995. The locations were in two geographically distinct areas: the Red River Valley (Fig. 1 , locations 1Ð 4) and east central Minnesota (Fig. 1, locations 5 Oviposition and Diapause Responses of First-Generation Females. Experimental work was carried out on Þeld-collected, newly emerged adults that had developed from eggs laid by overwintered females. At each location, a large Þeld cage was placed over about eight potato plants. Supplementary potted potato plants were provided if plants in the cage became defoliated during the course of the experiment. Each cage was 1.8 ϫ 1.8 ϫ 3.6 m (height ϫ width ϫ length), consisted of an aluminum conduit-frame covered with white nylon screen (25 meshes per cm), and had a zip fastener (1.8 m long) on one side for access. Plants in the cage were thoroughly checked and all eggs, larvae, and adults of Colorado potato beetle removed. Earth was banked against the bottom of the cage to prevent insect entry or exit. Each week, we collected fourth instars from nearby potato plants and placed them in the large cage to complete larval development, pupate, and emerge as new adults. Twice each week the large cage was checked thoroughly and all of the newly emerged adults found were transferred to a small cubic cage (0.6 m on each side). We maintained from two to six cubic cages in the Þeld at each location. These cubic cages had an aluminum frame and a bottom, were covered with white nylon screen (14 meshes per centimeter), and had an access sleeve on one side. Potted potato plants were placed in the cages to provide fresh foliage for the new adults. Once each week, surviving beetles that had been in the cubic cages for a minimum of 1 wk were collected and sent to our laboratory on the St. Paul campus as quickly as possible. Beetles were transported in styrofoam coolers with freezer packs. Beetles from Manitoba were shipped airfreight; those from other locations were transported by road. Transit time was Ͻ12 h. This procedure was repeated at weekly intervals throughout the period of Colorado potato beetle emergence at each location. The method ensured that, before laboratory observation, the immature stages and at least 1 wk of the adult stage were exposed to natural daylengths and temperatures for the respective location and date of origin.
In the laboratory, beetles were immediately sexed and paired. Each pair was maintained in a separate 0.24-liter cage containing a 6-cm layer of sterilized soil; fresh potato foliage in a water-Þlled vial was provided. From each location, a maximum of 21 pairs was tested every week. Cages containing pairs were randomly assigned to environmental chambers. In 1994, all adults were held at 25Њ Ϯ 0.5ЊC and a photoperiod of 16:8 (L:D) h. In 1995, adults were held either under the conditions used the previous year or under shortday conditions of 18Њ Ϯ 0.5ЊC and a photoperiod of 14:10 (L:D) h. In 1994, pairs were maintained in cages for 3 wk. However, preliminary analysis showed that oviposition and diapause behavior were expressed within 1 wk, so data for only 1 wk are presented. In 1995, the period for which adult beetles were held in the cages was reduced to 1 wk. While pairs were in the cages, they were checked daily for egg deposition and burrowing. Burrowing was considered diagnostic of diapause (de Wilde and Hsiao 1981) . At the end of this experimental period, adults were dissected to examine the developmental state of ovaries and fat body. Ovary development was classiÞed on the basis of whether ovaries contained well-developed orange-pigmented eggs, nonpigmented undeveloped eggs, or no visible eggs.
Potted plants in the Þeld cages, and foliage provided to beetles in the laboratory, were healthy, well fertilized, and disease and insect free. All foliage was from potato plants Ͻ2 mo old.
Daylength and Temperature in the Field. For each group of beetles dispatched to the laboratory, the daylength and temperature to which they had been exposed as adults was estimated. Daylengths, including twilight, were calculated using the computer program of Robertson and Russelo (1968) . The daylength to which beetles were exposed was estimated as the average photoperiod for the 7 d in the small cage. Air temperatures were measured at each location using Weather Wizard (Davis Instruments, Hayward, CA) and Hobo XT (Onset Instruments, Pocasset, MA) data loggers in 1995. These measurements were made at 20 Ð30 cm above ground level in the large cage at 2-h intervals. Cumulative degree-days (CDD) Celsius were calculated, using daily minima and maxima and a base temperature of 10ЊC, following the method of Allen (1976) without bias correction. We used a thermal threshold of 10ЊC based on patterns from our own observations and from previous studies (Tauber et al. 1988a, Lefevere and de Kort 1989) . The CDD to which beetles were exposed was estimated as the total heat units accumulated for the last 4 d (midpoint of 7 d) in the large cage plus the heat units accumulated for the 7 d in the small cage.
Statistical Analysis. Environmental measurements were subjected to one way analysis of variance to determine whether there was signiÞcant variation among locations, and what portion of this variation was attributable to differences between geographic areas (Red River Valley and east central Minnesota). Frequencies of oviposition and diapause behavior were analyzed by log-linear modeling of contingency tables; problems with zero values were avoided by adding ⌬ ϭ 0.5 to each cell (Bishop et al. 1975 ).
Responses of frequencies to environmental variables were investigated by binary logistic regression (Hosmer and Lemeshow 1989); exploratory analysis was carried out with ⌬ ϭ 0.5, but to produce unbiased estimates of parameters and quantiles the Þnal analyses presented here were performed without the delta adjustment. Goodness-of-Þt of logistic regression models was assessed using the HosmerÐLemeshow statistic based upon Ϸ10 equal bins (Hosmer and Lemeshow 1989, Systat 1998) . Both log-linear modeling and logistic analysis were performed using a step-up approach constrained to hierarchical models only. All analyses were performed using SYSTAT (Systat 1998) .
Results
In east central Minnesota, potatoes emerged in early May; whereas in the Red River Valley, potato emergence occurred in late May or after. Thermal accumulations Ͼ10ЊC for 1 MarchÐ31 May in 1995 at Winnipeg, Fargo, Big Lake, and Rosemount were 102, 110, 154, and 152 CDD, respectively.
The duration of the period during which newly emerged Colorado potato beetle adults were available for the experiment ranged from 4 to 7 wk (Table 1) . The beginning of this period was 2Ð3 wk earlier in east central Minnesota than in the Red River Valley, but the end of the experimental period was less variable. As a result, the mean Julian date of trials was earlier in both years in east central Minnesota (1994: 220 Ϯ 4; 1995: 222 Ϯ 4) than in the Red River Valley (1994: 231 Ϯ 3; 1995: 233 Ϯ 3). These differences were statistically signiÞcant in 1994 (F ϭ 6.5; df ϭ 1, 31; P Ͻ 0.05) and 1995 (F ϭ 4.4; df ϭ 1, 22; P Ͻ 0.05). When analysis was performed for the four locations used in both years, there was a signiÞcant effect of location on mean Julian date (F ϭ 3.2; df ϭ 3, 39; P Ͻ 0.05), but no signiÞcant variation between years (F ϭ 0.03; df ϭ 1, 39). In this analysis, differences between the two areas (Red River Valley and east central Minnesota) accounted for 91% of the variation among locations (F ϭ 20.2; df ϭ 1, 2; P Ͻ 0.05) and variation among locations within areas was not signiÞcant (F ϭ 0.4; df ϭ 2, 39).
On the same Julian date, beetles in the Red River Valley were exposed to longer days at emergence than those in east central Minnesota (Figs. 2 and 3) . However, this effect is confounded by the differences in dates of emergence in each area. Consequently, the effect of location on the average daylength to which beetles were exposed was not signiÞcant when years were analyzed separately (1994: F ϭ 0.5; df ϭ 5, 27; 1995: F ϭ 0.4; df ϭ 3, 20) or when analyzed over both years for the four locations in common (F ϭ 1.2; df ϭ 3, 39). In the latter analysis, daylengths to which beetles were exposed in the Þeld did not differ among years (F ϭ 0.04; df ϭ 1, 39).
The CDD above 10ЊC experienced by beetles in the Þeld differed signiÞcantly among locations for the 1995 analysis, but not in 1994 (1994: F ϭ 1.5; df ϭ 5, 27; 1995: F ϭ 4.8; df ϭ 3, 20; P Ͻ 0.05). When the four sites from both years were analyzed, the effect of location on thermal accumulations was signiÞcant (F ϭ 4.5; df ϭ 3, 39; P Ͻ 0.01). This among-location variation was not associated with differences between the two areas (F ϭ 2.9; df ϭ 1, 2). It is also notable that the geographic variation in thermal accumulations did not follow a consistent trend from north to south (Table  1) . In both years, the northernmost and southernmost locations had similar mean thermal accumulations. Differences in thermal accumulations between years were highly signiÞcant (F ϭ 40.6; df ϭ 3, 39; P Ͻ 0.001). Thermal accumulations were much higher in 1995 than in 1994 (Table 1) .
Oviposition by First-Generation Females and Effect of Daylength and Temperature. Considering each season as a whole, no more than 1% of females from locations in the Red River Valley oviposited, whereas, under long-day laboratory conditions, 9 Ð15% of females from east central Minnesota oviposited (Table 1) .
Adults in the Red River Valley emerged in early mid-August and were exposed to daylengths of 15.5Ð 14.4 h in the Þeld (Figs. 2 and 3) . Because of the small number ovipositing, further analysis could not be performed on oviposition data from the Red River Valley, and it was not possible to estimate a critical photoperiod for diapause induction.
In east central Minnesota, a large proportion of females emerging early in the season oviposited. The proportion that oviposited declined as the season progressed (Figs. 2 and 3) ; oviposition peaked each year in late July (Julian date 203Ð209). In 1994, in the peak week for oviposition, 48% of females from Big Lake oviposited, as did 33% of those from Rosemount. In 1995, under long-day laboratory conditions, corresponding percentages were 29% for Big Lake and 24% for Rosemount. In the peak week for oviposition, females from east central Minnesota had experienced daylengths of 15.0 Ð15.2 h and 119 Ð139 CDD in the Þeld. Females that oviposited in the laboratory remained active, fed voraciously, and their ovaries contained well-developed pigmented eggs. After oviposition some females dug into the soil or rested on the soil surface and fed little or not at all. Ovaries of these females contained no developed eggs, and this indicated they had entered into reproductive diapause. Females that did not oviposit in the laboratory also fed little, rested or burrowed in the soil, and contained no developed eggs. 
Percentages are calculated for data pooled over the entire experimental period; number of observations are shown in parentheses.
Logistic regression was used on data from east central Minnesota in 1995 to assess the effects of short-day and long-day laboratory conditions on frequency of oviposition. For females from Big Lake, no oviposition occurred under short-day laboratory conditions and this situation differed signiÞcantly (likelihood ratio , n ϭ 7. 2 ϭ 15.7, df ϭ 1, P Ͻ 0.001) from that in long-day laboratory conditions. In contrast, for females from Rosemount, laboratory daylength did not signiÞcantly affect frequency of oviposition (likelihood ratio 2 ϭ 2.1, df ϭ 1). Because of the inßuence of laboratory daylength on females from Big Lake, analysis of the effects of Þeld conditions on the frequency of oviposition in beetles from east central Minnesota was conducted only for long-day laboratory conditions; data from both years and both localities within this geographic area were analyzed together. Logistic regression showed that the frequency of oviposition was signiÞcantly related to the daylength to which females were exposed in the Þeld (likelihood ratio 2 ϭ 49.2, df ϭ 1, P Ͻ 0.001). Thermal accumulations in the Þeld had no signiÞcant effects on oviposition frequency, and there were no differences between locations or between years in the nature of the response to daylength. Thus, response to daylength for both years and both locations in east central Minnesota can be characterized by pooled estimates of quantiles from the logistic regression of oviposition frequency on daylength. This regression predicts the observed frequencies of oviposition well (HosmerÐLemeshow statistic ϭ 8.1, df ϭ 8, P ϭ 0.4); the quantiles (and their 95% CL) are 10% ovipositing, 14.6 h (14.4 Ð14.7); 25% ovipositing, 15.2 h (15.0 Ð15.4); and 50% ovipositing, 15.8 h (15.5Ð16.2).
Burrowing Behavior in First-Generation Beetles and Effect of Daylength and Temperature. In the laboratory, many Þrst summer generation adults dug into the soil as soon as they were put into the cages and remained quiescent thereafter. All adults that exhibited burrowing behavior possessed well-developed fat bodies and the females had poorly developed ovaries, so we considered them to be in diapause.
Over the entire season in each location, the percentage of adults that burrowed in 1994 ranged from 25 to 52% (Table 1 ). The frequency of burrowing varied signiÞcantly among locations (likelihood ratio 2 ϭ 42.9, df ϭ 5, P Ͻ 0.001). A signiÞcant proportion of this variation was attributable to differences be- tween the Red River Valley and east central Minnesota (likelihood ratio 2 ϭ 20.4, df ϭ 1, P Ͻ 0.001). But, there was also signiÞcant variation among locations within these geographic areas (likelihood ratio 2 ϭ 22.7, df ϭ 4, P Ͻ 0.001). In 1995, the percentage of adults burrowing ranged from 18 to 32% (Table 1) and was uninßuenced by daylength experienced in the laboratory (likelihood ratio 2 ϭ 0.4, df ϭ 1). Pooled over both laboratory daylengths, burrowing frequency in 1995 was signiÞcantly affected by location (likelihood ratio 2 ϭ 17.8, df ϭ 3, P Ͻ 0.001). As in the previous year, differences between geographic areas (likelihood ratio 2 ϭ 11.1, df ϭ 1, P Ͻ 0.001) and differences among locations within areas were significant (likelihood ratio 2 ϭ 6.6, df ϭ 2, P Ͻ 0.05). Seasonal trends in burrowing behavior are depicted in Figs. 2 and 3 . At all locations, the percentage of burrowing peaked when the thermal accumulations ranged between 81 and 131 CDD in 1994 and between 120 and 162 CDD in 1995. Exploratory logistic regression analysis showed that the relationships of burrowing behavior and environmental conditions differed in each area.
For beetles from the Red River Valley, neither thermal accumulations nor daylength in the Þeld signiÞ-cantly inßuenced the frequency of burrowing behavior. Within this area, there was a signiÞcant effect of location on burrowing frequency in both 1994 (likelihood ratio 2 ϭ 8.2, df ϭ 3, P Ͻ 0.05) and 1995 (likelihood ratio 2 ϭ 6.0, df ϭ 2, P Ͻ 0.05). There was no evidence of variation between years nor, in 1995, was there a signiÞcant effect of laboratory daylength. It appears that beetles emerging in locations in the Red River Valley have a location-speciÞc propensity to burrow that is relatively uninßuenced by environmental conditions prevailing within 7Ð14 d of emergence.
In east central Minnesota, the burrowing response differed under long-day and short-day laboratory conditions. Under long-day laboratory conditions, the logistic regression of diapause frequency on cumulative degree-days experienced by beetles in the Þeld was signiÞcant (likelihood ratio 2 ϭ 110.8, df ϭ 1, P Ͻ 0.001); the intercept of this regression differed between Big Lake and Rosemount (likelihood ratio 2 ϭ 7.0, df ϭ 1, P Ͻ 0.01). Although there was signiÞcant deviation from this regression model (HosmerÐ Lemeshow statistic ϭ 32.4, df ϭ 7, P Ͻ 0.001), model Þt was not signiÞcantly improved by addition of the effect of years or daylength experienced by beetles in the Þeld. For beetles from Big Lake, estimated quantiles (and 95% CL) for the regression on degree-days were 10% burrowing, 171 CDD (160 Ð189); 25% burrowing, 133 CDD (126 Ð141); and 50% burrowing, 95 CDD (81Ð104). Quantiles for Rosemount were 10%, 178 CDD (166 Ð199); 25%, 144 CDD (137Ð153); and 50%, 110 CDD (101Ð116). At both locations, beetles experiencing lower thermal accumulations were more likely to burrow. Given the same thermal accumulation, the frequency of prediapause digging behavior was higher for beetles from Rosemount than for beetles from Big Lake.
For beetles from Big Lake that were exposed to short-day conditions in the laboratory, there was no signiÞcant logistic regression of frequency of burrowing behavior on thermal accumulations experienced by beetles in the Þeld. In contrast, for Rosemount, the logistic regression on thermal accumulations found under long-day laboratory conditions was also evident under short-day conditions, and laboratory daylength had no signiÞcant effects on the estimates of parameters of this regression (likelihood ratio 2 ϭ 2.1, df ϭ 1).
Discussion
Criteria for Diapause and Nondiapause States. We used two criteria as indicators of diapause. Oviposition by females is unequivocal evidence that females are not currently in reproductive diapause. The criterion of burrowing behavior as an indicator of diapause has been used in a number of studies (e.g., de Wilde 1969, de Wilde and Hsiao 1981) . But in the Þnal stages of the prediapause period, beetles may intersperse periods of burrowing with periods of feeding (de Wilde 1969) . Most previous studies of diapause induction in Colorado potato beetles have used laboratory conditions with constant temperatures (most usually 25ЊC) and photoperiods throughout the period after adult emergence (e.g., de Wilde and Hsiao 1981) . As a result, there is little information about the response of beetles under changing conditions. It is known that at the end of the prediapause period, when beetles Þrst exhibit burrowing but can still feed, exposure to long daylengths sometimes reverses diapause and induction of reproductive activity ensues. However, if the switch to long-day conditions occurs 3Ð 4 d after the commencement of burrowing activity, there is no reversal of diapause induction (de Wilde et al. 1959) . At 25ЊC, reproductive beetles can be induced to enter diapause within 3Ð5 wk by application of short-day conditions (de Wilde et al. 1959) .
In our study, newly emerged adult beetles were exposed to Þeld conditions for a minimum of 7 d and a maximum of 14 d. Depending on location and time of year, adult beetles were exposed in the Þeld to daylengths of 13.1Ð15.4 h and mean air temperatures from 17.4 to 23.8ЊC. Mean air temperatures in the Þeld were lower than generally used in laboratory studies. Our beetles, after a short period of shipment, were exposed to either short-day cool conditions or longday warm conditions in the laboratory for 7 d. At the end of the laboratory observation period, 14 Ð21 d had elapsed since these beetles emerged. Under North American Þeld conditions, the prediapause period before digging begins ranges from 10.8 to 16.2 d, the period from emergence to Þrst oviposition is Ϸ8 d (Voss et al. 1988) , and egg masses are laid at intervals of a few days thereafter. Therefore, we expect that the majority of beetles in which diapause had been induced in the Þeld would complete their prediapause period in the laboratory. A small proportion of beetles could have completed their prediapause period while still in the small Þeld cages. Furthermore, we expect nondiapausing females would have commenced egg laying either before or shortly after arrival in the laboratory, and oviposition would occur at intervals during the laboratory observation period. Short-day laboratory conditions might induce cessation of reproductive activity in adults that arrived in a reproductive state, but burrowing behavior would be unlikely during the period of observation. Prediapausing beetles that were still able to feed might have their diapause tendency reversed, if the long-day laboratory conditions were greater than the beetlesÕ critical photoperiod. We expect that such beetles would neither burrow nor oviposit during the observation period.
Oviposition. Under our experimental conditions, oviposition was negligible in females from the Red River Valley. However, in some years, Þrst-generation female Colorado potato beetles do lay eggs in the Red River Valley; these may hatch and survive through one or more larval instars (Kelleher 1966 , Lactin 1992 . Eggs and young larvae were observed in the Þeld in Winnipeg in late August in 1995 (N.J.H., unpublished data) and appeared to be the result of oviposition by Þrst-generation females. There are two potential reasons for discrepancy between Þeld observations and our experimental results. First, attenuation of light by our Þeld cages may have made the effective daylength experienced by experimental females less than that experienced by those in the Þeld. Although this may have a contributory effect, it seems unlikely to have been a major factor, because the threshold intensity of the photoperiodic response is 0.4 mW/m 2 , which is not much greater than the intensity of the full moon (de Wilde 1969) . A second possibility is that beetles in the Þeld experienced temperatures high enough to overcome their diapause response to short photoperiods, whereas those in our cages did not. Temperatures in excess of 31ЊC shorten the critical photoperiod by 3Ð5 h (de Wilde and Hsiao 1981) , but temperatures of 28ЊC do not inßuence the critical photoperiod (de Wilde et al. 1959) . Weekly mean air temperatures in cages in the Þrst 3 wk of the emergence period in Winnipeg in 1995 were 27, 24, and 21ЊC; corresponding shade temperatures measured in a Stevenson screen were 21, 20, and 20ЊC. Thus, beetles in cages probably experienced higher temperatures than if they were in the shade in the open Þeld. However, in the open Þeld, Colorado potato beetles behaviorally thermoregulate and at low air temperatures absorb incident radiation so elevating their body temperature (May 1982, Lactin and Holliday 1994) . Simulations suggest that for larvae this can result in body temperatures being maintained above 30ЊC throughout greater part of sunny days with maximum air temperatures of 20 Ð28ЊC (Lactin et al. 1995) . The shading of our experimental cages would reduce the effectiveness of elevation of body temperature. As a consequence, caged beetles would have lower daytime body temperatures and therefore longer critical photoperiods than those of thermoregulating beetles in the open Þeld. Notwithstanding the differences between performance of our experimental beetles and those in the Þeld, our experimental methods allow for effective comparisons of cues favoring oviposition among beetles from different locations.
In long-day laboratory conditions, females from east central Minnesota responded to daylength in the Þeld as long-day insects typically do. The estimated critical photoperiod in this area was 15.8 hÑthe same as in upstate New York (Tauber et al. 1988b) , and similar to northern European populations (de Wilde and Hsiao 1981, Goryshin et al. 1987) . The Þtted logistic regression predicts that 10% or more of females from east central Minnesota will oviposit under long-day laboratory conditions if the photoperiod they are exposed to in the Þeld is Ն14.6 h; this prediction agrees well with the observed data (Figs. 2 and 3) . Females in the Red River Valley experience Þeld photoperiods Ն14.6 h in the early part of their emergence periods (Figs.  2 and 3 ), yet only 0.9% of those insects oviposited. Therefore, we conclude that the populations of beetles in the two areas differ with respect to ovipositional responses to photoperiodic cues and infer that the critical photoperiod in east central Minnesota is shorter than that in the Red River Valley. This pattern of longer critical photoperiods in more northerly regions has been observed in other studies both in Europe and North America (de Wilde and Hsiao 1981 , Hsiao 1981 , Goryshin et al. 1987 , Tauber et al. 1988b .
Burrowing Behavior. The lack of dependence of burrowing behavior on environmental cues experienced in the Þeld by beetles from the Red River Valley Þts well with our oviposition data from this area, from which we concluded that the critical photoperiod for beetles from the Red River Valley exceeds 15.8 h. Beetles from the Red River Valley would have received diapause induction cues in the Þeld, and probably entered the laboratory in the prediapause state. It is likely that the 16-h laboratory photoperiod was shorter than the critical photoperiod and so would not reverse diapause induction.
When exposed to long daylengths in the laboratory, beetles from both locations in east central Minnesota were more likely to exhibit burrowing behavior if they had been exposed to low cumulative degree-days in the Þeld (Figs. 2 and 3) . Increase in diapause behavior in response to lower temperatures has also been observed in beetles from New York State (Tauber et al. 1988b) . In New York, as in our study, the response to temperature differed among locations. The absence of a signiÞcant inßuence of Þeld photoperiod on burrowing behavior was unexpected, but was not an artifact of a correlation between daylength and temperature. There was a weak correlation between daylengths and photoperiod experience in the Þeld by the beetles from east central Minnesota (r ϭ 0.06, df ϭ 1, 130; P ϭ 0.05). But, when a logistic regression in which the nonsigniÞcant effect of daylength (likelihood ratio 2 ϭ 2.5, df ϭ 1) was forced into the model, there was still a highly signiÞcant effect of the subsequent addition of cumulative degree-days to the model (likelihood ratio 2 ϭ 107.3, df ϭ 1, P Ͻ 0.001). Nevertheless, the relationship of burrowing frequency to thermal accumulations leaves considerable residual variation. A probable source of much of this is indi-vidual variation among beetles. All Colorado potato beetles exposed to daylengths below their critical photoperiod enter diapause, but above the critical photoperiod some beetles reproduce, whereas others diapause (de Wilde 1969) . We conclude that there is a real inßuence of Þeld temperature on burrowing behavior in east central Minnesota; this is evident from an examination of Figs. 2 and 3.
For beetles from Rosemount, laboratory conditions did not affect the responses of oviposition frequency and burrowing behavior to conditions experienced in the Þeld. However, laboratory conditions modiÞed the responses of beetles from Big Lake. For both locations, the critical photoperiod for oviposition was 15.8 h, therefore long-day laboratory conditions would tend to reverse the diapause tendency in some beetles that are in the sensitive stage of the prediapause period, and short-day laboratory conditions would strongly promote diapause.
Patterns of Geographic Variation. Our results provide evidence of considerable variation in reproductive and diapause responses. In addition to the large differences in response between the Red River Valley and east central Minnesota, there was variation among localities within both of these areas. We assume that this geographic variation is genetically based and is symptomatic of local adaptation to climate and potato growing conditions. Although several wild species of Solanum occur in the northern Great Plains, Colorado potato beetles have not been reported reproducing on them in the study region.
As Murdoch (1966) demonstrated, there are selective advantages to a female reproducing if, by doing so, more than one offspring will survive until the next reproductive period, and the cost of reproduction is the life of the female. Ovipositing females exposed to diapause-inducing cues require 3Ð5 wk to complete the transition to diapause (de Wilde et al. 1959) , therefore females ovipositing late in the season risk being in the feeding-intensive prediapause stage at times when there is no food or when temperatures prevent feeding. The offspring of late-season reproducers face similar hazards that could prevent them from reaching the adult stage and entering diapause.
Thus, we expect selection to favor reproductive behavior in a female emerging in summer as long as on average: P S ͑reproducing female͒ ϩ N 0 P S ͑ female offspring͒ Ͼ P S ͑diapausing female͒, where P S is the probability of surviving to reproduce in the following year, N 0 is the number of female offspring a reproducing female produces before winter, and we assume that all females surviving to reproduce in the following year have the same reproductive capacity. Given the times of emergence observed, we expect reproductive behavior to be less common in northern locations than in southern locations, and our experimental results conform to this expectation. In the Red River Valley, reproductive behavior was extremely rare and occurred when long photoperiods and warm conditions coincided. At Rosemount, reproductive behavior was common at long photoperiods, was determined shortly after emergence, and did not immediately cease if cool short-day conditions were experienced. Big Lake occupies an intermediate geographic location and its beetles exhibited intermediate reproductive behavior: reproduction was common at long photoperiods, but exposure to cool short days resulted in immediate cessation of reproduction.
The local geographic variation we detected occurs against a background of a high degree of intrapopulation variability (de Wilde et al. 1959 ), a variability that probably constitutes spreading of risk (den Boer et al. 1993) in the face of environmental stochasticity. In addition, both the original spread of the beetle and the spread of genetic markers (Hsiao 1985) indicate that extensive migration and genetic mixing occurs between localities. Colorado potato beetle thus has the capability of becoming adapted to local environmental conditions while retaining intrapopulation variability and interpopulation migration. One implication of this capability is that manipulations of time of host availability, such as late planting to reduce beetle colonization of Þelds (Voss et al. 1988) , may have only short-lived beneÞts until beetles adapt to the new conditions.
